We investigate of a special dam optimal location at the Volga river in area of the Akhtuba left sleeve beginning (7 km to the south of the Volga Hydroelectric Power Station dam). We claim that a new water-retaining dam can resolve the key problem of the VolgaAkhtuba floodplain related to insufficient water amount during the spring flooding due to the overregulation of the Lower Volga. By using a numerical integration of Saint-Vacant equations we study the water dynamics across the northern part of the Volga-Akhtuba floodplain with taking into account its actual topography. As the result we found an amount of water V A passing to the Akhtuba during spring period for a given water flow through the Volga Hydroelectric Power Station (so-called hydrograph which characterises the water flow per unit of time). By varying the location of the water-retaining dam x d , y d we obtained various values of V A (x d , y d ) as well as various flow spatial structure on the territory during the flood period. Gradient descent method provide us the dam coordinated with the maximum value of V A . Such approach to the dam location choice let us to find the best solution, that the value V A increases by a factor of 2. Our analysis demonstrate a good potential of the numerical simulations in the field of hydraulic works.
Introduction
The unique landscape of 20000 km 2 Volga-Akhtuba floodplain (VAF) depends on special features of the interfluve hydrological regime. During the spring flood period the area between the Volga and Akhtuba rivers is heavily flooded [1, 2, 3] , that ensures a special composition of flora and fauna and possibility of agricultural use of the area including the development of magnificent gardens and melon fields. The floodplain is also the basis for the fish reproduction at the Lower Volga region [4] . Nowadays the overregulation of the Volga-Kama basin hydrological regime by 22 Hydroelectric Power Plants leads to the VAP degradation.
Various approaches to the problem solution have beed proposed. Let us point out the attempts to construct of so-called optimal hydrograph Q(t) [5, 6, 7] which is close to the natural and ensures preservation of the natural rate. Despite the progress in the construction of the mathematical models and models of hydrological regime control and the territory as a whole [8, 9, 10, 11], there is a great difficulty of their practical implementation due to the conflict of various agents aspiration (energetics, environmental protection organizations, fish industry, agriculture, inhabitants, safety of reservoirs and etc.). Over the last decades the situation becomes even more complicated due to changes in the Volga riverbed below the dam mainly because of the violation of the spring flood natural process. In this study we discuss the possibility of the floodplain hydrological regime improvement by the construction of the water-retaining dam at the Volga riverbed close to the beginning of the Akhtuba left sleeve which is located at approximately 7 km below the Volga Hydroelectric Power Station dam (Fig. 1) . The main aim of the work is construction of a mathematical model for the estimation of the dam optimal location which provide the larger water flow rate in the Akhtuba during the spring flood.
The hydrodynamic model
At first, we briefly describe the hydrodynamic model underlying in the base of our research. We use the Saint-Venant equations for the shallow water dynamics at a given topography b(x, y) [1, 9, 12] :
where H is the water depth, u and v are the velocity of x-and y-components (averaged vertically), σ is the source function, g is referred to the gravitational acceleration, Ω E is the Earth's angular velocity, θ is the latitude, the values of f σx and f σy describe the water impulse associated with the sources σ. For the bottom friction force vector we use the Chezy's model [1] :
with the value of hydraulic friction Λ = 2gn 2 M /H 4/3 and the Manning roughness coefficient n M .
Value of n M is determined by the surface properties and generally it depends on the coordinates. Moreover, for the unsteady flow regime the Manning coefficient can vary with time [1] . The hydrograph through the Volga Hydroelectric Power Station dam allows to set the value of σ = dQ 0 dS (where dS = dx dy is an elementary area). Under the VAP conditions the value of n M for the Volga riverbed vary in the range 0.02 − 0.07 [1] .
For the numerical solution of equations (1)- (3) we apply our combined LagrangianEulerian method (cSPH-TVD) [13] which uses the benefits of Smoothed Particle Hydrodynamics at different time steps and Total Variation Diminishing (see the detailed description in Refs. [1, 14] ).
The most important positive characteristics of the cSPH-TVD approach are the following:
an adequate calculation of the dynamic boundaries between wet and dry beds in case of non-stationary fluxes through the strongly inhomogeneous bottom (even through the discontinuous topography); calculation for subcritical (with Froude number F r = √ u 2 + v 2 / √ gH < 1) and supercritical (F r > 1) fluxes without isolation of these zones; numerical scheme of CSPH-TVD is conservative, well-balanced and has the second order of accuracy for smooth solutions the first order accuracy approximation in the vicinity of breaks and fracture profiles.
Both non steady solutions and strong heterogeneity of the topography require the specific boundary conditions formulation. Ref. [15] is dedicated to the application of the boundary conditions for the same aims by using the conditions of "waterfall" type, which we adopted in the current study.
The software implementation by using parallel technologies on graphics accelerators is presented in ref. [12] . All basic calculations were performed on the GPU NVIDIA Tesla K80 [12] . We use Digital Elevation Models (DEM) with spatial resolution ∆x = ∆y = 50 m and 25 m, which is based on combination of several geodata: ASTER GDEM 2 (Global DIGITAL Elevation Model), SRTM X-SAR (Shuttle Radar Topography Mission) and Sentinel-1 SAR data, topographic data for coastlines of the hydrological system, our GPS / GLONASS measurements. To improve the model we use the sailing directions and special numerical hydrodynamical simulations allowing us to compare our results with observational data.
The optimal dam location
For a given Volga Hydroelectric Power Station hydrograph Q 0 (t) we can calculate the water volume entering the Akhtuba during the spring flood (see Figure 1 ):
where the unit vector n = (n x , n y ) is a normal to the Akhtuba river section line (A, B) (see. Fig. 3 b) , t Qs and t Qe are the water release at beginning and final time, respectively (see. Fig. 2 ). Functions H(x, y, t), u(x, y, t) and v(x, y, t) are calculated by using the hydrodynamical model (1) - (3). We set up the dam of length L d at the Volga riverbed close to the Akhtuba springhead at the point (x d , y d ) (dam's center) which is perpendicular to the coastlines. The dam affects on the flow structure and on the value of V A . For a given L d and Q 0 (t) we have function V A (x d , y d ). We calculate the water-retaining dam optimal location for the specific riverbed area S A according to the following condition:
S A is part of the Volga riverbed near the beginning of Akhtuba (between about 7 km downstream and 5 km upstream). In figure 3 we show the V (max) A search procedure by using the gradient descent method:
Finite difference approximation for the gradient calculation is used in the following form:
on the meshgrid x i+1 = x i + ∆x, y j+1 = y j + ∆y. Our test numerical simulations demonstrated that the relations δx = δy = 2∆x = 2∆y are reasonable choice. The symbols in Figure 3 a indicate the positions of the iterative procedure (7), (8) . The choice of λ k parameter and the convergence of calculations are achieved by using the steepest descent method.
